Adult stem cell populations maintain highly differentiated but shortlived cells such as blood, intestinal epithelium cells and sperm throughout life. Upon division of stem cells, daughter cells must either self-renew to preserve stem cell identity or commit to differentiation. The balance between stem cell self-renewal and differentiation is critical to tissue homeostasis, with disruption of this balance leading to tumorigenesis (caused by stem cell overproliferation) or tissue degeneration (caused by stem cell depletion). To maintain this critical balance, many stem cells have the potential to divide asymmetrically, producing one daughter stem cell and one differentiating cell 1 . Many stem cells reside in a special microenvironment, or stem cell niche, that regulates stem cell maintenance 2, 3 . Asymmetric stem cell division within the niche essentially relies on the correct placement of daughter cells inside and outside the niche: daughter cells that remain within the niche retain a stem cell identity whereas daughter cells displaced from the niche are fated to differentiate 4 . Thus, it is critical to establish stem cell polarity within the context of the niche.
A decline in the function of adult stem cells has been proposed to contribute to tissue ageing, although the underlying mechanisms remain enigmatic 5 . Tissue ageing has been proposed to have arisen as a tumour suppressor mechanism 6, 7 , in which tumour suppressor activity reduces stem cell function in later stages of life, preventing tumorigenesis but reducing tissue regenerative capacity 8 . However, the cellular and molecular basis of such phenomena is poorly understood. Although cell cycle inhibitors such as Ink4a are known to accumulate in stem cells with age and to contribute to an age-related decline in tissue regenerative capacity [9] [10] [11] , the mechanisms regulating increased expression of cell cycle inhibitors and their relationship to normal stem cell function are unknown.
Male GSCs in Drosophila melanogaster always undergo asymmetric division. The divisions are regulated by a combination of signal(s) from the niche and spindle orientation. The hub cells, which constitute the stem cell niche, secrete the signalling ligand Unpaired (Upd), which activates the JAK-STAT (Janus kinase-signal transducer and activator of transcription) pathway in the neighbouring germ cells to promote stem cell maintenance 12, 13 . The spindle lies perpendicular to the hub, so that one daughter cell inherits the attachment to the hub, while the other is displaced away from it 14 . This stereotypical orientation of the mitotic spindle is precisely set by the positioning of the centrosomes during interphase. The mother centrosome is always anchored to the hub-GSC interface, whereas the daughter centrosome migrates towards the opposite side of the GSC 15 . In this way, GSCs are oriented with respect to the niche throughout the cell cycle. Recently, similar centrosome behaviour and stem cell polarity have been reported in the Drosophila neuroblast, suggesting that centrosome orientation within stem cells has a general role in asymmetric division 16, 17 . However, the relative importance of this orientation to physiological stem cell function is unclear.
Spermatogenesis declines with age in Drosophila testis
Testes from newly eclosed males contain cells in all stages of spermatogenesis. These include transit-amplifying cells (gonialblast and 2-16-cell spermatogonia), spermatocytes, meiotic cells and elongated spermatids (Fig. 1a, b) , the collective presence of which indicates ongoing spermatogenesis. In contrast, as flies age, testes undergo marked involution and the number of early germ cells in the apical region of the testis (spermatogonia, spermatocytes and meiotic cells) progressively decreases (Fig. 1b, arrow) . A decrease in spermatogenesis could be attributable to decreased function of GSCs. However, the number of GSCs (defined as germ cells attached to the hub) did not significantly decrease after 30 days of age (Fig. 1c,  d ), when testes had already undergone significant involution. This suggests that decreased stem cell number does not fully explain the reduced spermatogenesis that is observed at this stage of ageing, although stem cell numbers ultimately decline in older flies (50 days) and may account for decreased spermatogenesis in later stages of ageing 18 (Supplementary Table 1 ).
The ageing testis accumulates misoriented GSCs
In Drosophila male GSCs the stereotypical orientation of the mitotic spindle is set up by the positioning of centrosomes during interphase ( Fig. 2a ) 14, 15 . In young males (0-2 days after eclosion), GSCs remain oriented towards the niche throughout the cell cycle as previously reported, setting up the stereotypically oriented mitotic spindle. However, we found that, in aged flies, GSCs in which neither centrosome was situated next to the hub became more numerous (hereafter referred to as 'misoriented centrosomes', Fig. 2b ). GSCs with misoriented centrosomes increased to approximately 40% of total GSCs at 30 days after eclosion (Fig. 2c, d ). It should be noted that owing to the scoring criteria (Fig. 2b) , the maximum misorientation would be ,50% (as each randomly positioned centrosome would end up adjacent to the hub ,25% of time). Consistent with this, the frequency of misoriented GSCs reached a plateau at ,40%, with a similar misorientation frequency in very old flies (day 42-50, Supplementary Table 1) .
Misoriented GSCs divide less frequently Although ,40% of GSCs had misoriented centrosomes in aged testes, we rarely observed 'misoriented spindles' in which neither spindle pole is associated with the hub (Fig. 2b) , suggesting that GSCs with misoriented centrosomes do not enter mitosis. Overall, 95-100% of mitotic spindles were oriented perpendicular to the hub throughout mitosis, regardless of age (Fig. 3a, b) . Not only did misoriented GSCs fail to undergo mitosis, but GFP-PACT (pericentrin/ AKAP450 C-terminal domain) labelling of centrosomes revealed that significantly fewer cells with misoriented GSCs underwent the G1/S transition relative to those with oriented GSCs (Fig. 3c ; see Methods). Notably, the percentage of oriented GSCs from aged flies (day 10 to 30) that entered the S phase remained as high as that of oriented GSCs from young flies, demonstrating that aged GSCs do not divide less frequently if their centrosomes are appropriately oriented. In contrast, misoriented GSCs entered the S phase with a significantly lower frequency compared with oriented GSCs at all stages of life. These results suggest that the reduced division of ageing GSCs is determined by centrosome misorientation.
Misoriented GSCs maintain a capability of cell division
The rare division of misoriented GSCs raises the question of whether misorientation precedes cell cycle arrest/delay or whether it occurs as a consequence of general disintegration of stem cell activity, such as from cellular senescence. To test whether misoriented GSCs retain the ability to re-enter the cell cycle, GSCs were labelled by feeding flies with 5-bromodeoxyuridine (BrdU)-containing food from day 5 to 10, during which time misorientation increased from approximately 10% to 20%. This labelled 96% of all GSCs, including almost all of the misoriented GSCs (which accounted for ,20% of all GSCs; Supplementary Fig. 1a ). This demonstrates that GSCs that are misoriented by day 10 had replicated their DNA in the preceding several days. Furthermore, when BrdU was discontinued, BrdU labelling quickly disappeared during the BrdU chase period, and was completely absent after 5 days ( Supplementary Fig. 1b ), indicating that misoriented BrdU-positive GSCs had divided. The ability of misoriented GSCs to dilute their BrdU label indicates that misoriented GSCs are not permanently arrested in the cell cycle. Time-lapse imaging of centrosomes in GSCs confirmed that misoriented GSCs did not divide, but were able to resume dividing as soon as centrosomes restored their correct orientation (Fig. 4) . We tracked centrosome behaviour within GSCs by using mCherry-Sas6 (ref. 16) , and confirmed that most GSCs exhibit stereotypical movement of centrosomes during the cell cycle as shown in Fig. 2a . In addition, we recorded 18 misoriented GSCs that underwent mitosis during the recording time. In each case, misoriented centrosomes moved around within GSCs for a long time (on average, 137 6 47 min from the start point of the recording), but as long as no centrosome aligned adjacent to the hub the cells never divided. However, when one centrosome became very close to the hub-GSC interface (or 're-oriented'), the GSCs quickly divided (in 18 6 12 min after re-orientation). The ability of GSCs to re-enter the cell cycle almost immediately on reorientation of the centrosomes suggests that centrosome misorientation is the proximal cause of the reduced GSC division and thus the testis involution observed during fly ageing.
Some misoriented GSCs originate from dedifferentiation
Dedifferentiation has been proposed to be one mechanism by which the stem cell pool can be replenished 19, 20 , although it is not clear how physiologically important this mechanism is in unperturbed tissues or how it is affected by ageing. We hypothesized that if spermatogonia dedifferentiate to stem cells, such cells might not be able to orient towards the hub initially. To test the hypothesis that misoriented GSCs may originate from dedifferentiated spermatogonia, we used FLP-recombinase-based mitotic recombination to mark permanently germ cells once committed to differentiation (Fig. 5a ). FLP recombinase was expressed under the control of bam-Gal4, which is selectively expressed in differentiating cells at the 4-cell spermatogonia stage and later 21 . FLP activity in these cells recombined Actin promoter.FRT-stop-FRT.LacZ-NLS to generate a b-galactosidase expression in the differentiating cells (Actin-LacZ-NLS). In testes from third instar larvae, weak LacZ expression was apparent in 4-8-cell spermatogonia and early spermatocytes (Fig. 5b , between dashed and solid lines), whereas LacZ expression became much stronger in later spermatocytes (Fig. 5b, after solid line) . This pattern of LacZ expression persisted for 50 days. Notably, we also sometimes observed LacZ expression in GSCs, as seen by LacZ staining next to the hub (Fig. 5c, arrowhead) . The frequency of LacZ-positive (LacZ 1 ) stem cells increased with age, with 0.7% GSCs being positive in third instar larvae, 6.1% in newly eclosed males and 40% in 50-day-old males ( Supplementary Fig. 2 ). These LacZ 1 GSCs appear to result from dedifferentiation of spermatogonia.
To test whether the LacZ expression in GSCs might be attributable to random, spurious activation of the bam promoter in GSCs, we tested whether X-irradiation affected LacZ expression in GSCs. Because irradiation kills GSCs (as well as other cell types), this should increase the rate of dedifferentiation, whereas if LacZ expression is attributable to random bam activation in GSCs it should not be affected by irradiation. The frequency of LacZ 1 GSCs increased after X-irradiation, suggesting that LacZ expression in GSCs reflects the Misoriented centrosomes/ total GSCs (from Fig. 2 (Fig. 6a) . In further support of this conclusion, the frequency that multiple LacZ 1 GSCs were next to each other (Fig. 6b ) was significantly higher than what would be expected based on the random, sporadic expression of FLP in GSCs (Fig. 6a) , indicating simultaneous dedifferentiation of interconnected spermatogonia. Furthermore, we observed LacZ 1 spermatogonia next to the hub with disintegrating fusomes and ring canals ( Fig. 6c and Supplementary  Fig. 3 ), hallmarks of dedifferentiation 19, 20 (0.11 dedifferentiating events per testis after 2,000 or 3,000 rad of irradiation, n 5 388). Notably, we also observed many LacZ-negative (LacZ 2 ) dedifferentiating spermatogonia (Fig. 6d and Supplementary Fig. 3 , 0.47 dedifferentiating events per testis, n 5 388), suggesting that not all dedifferentiation events are marked by LacZ expression (on average, only ,18% of total dedifferentiation events were marked by LacZ expression). This is presumably due to the dedifferentiation from 2-4-cell spermatogonia that have not activated the bam promoter. Taken together, these results suggest that LacZ expression successfully marks dedifferentiation.
Notably, we found that LacZ 1 GSCs had a significantly higher frequency of centrosome misorientation compared to LacZ 2 GSCs (Fig. 5d, e) . From L3 larvae to day 50 after eclosion, .40% of LacZ GSCs showed centrosome misorientation, suggesting that dedifferentiated GSCs cannot correctly orient centrosomes towards the hub. It should be noted that not all misoriented GSCs were LacZ
1
. The frequency of misoriented LacZ 2 GSCs increased with age, reaching ,30% after 30 days and ,40% after 50 days. These GSCs might result from dedifferentiation of gonialblasts and 2-4-cell spermatogonia, which have not yet expressed bam-induced FLP recombinase, as suggested above. Alternatively, there might be other reasons that cause centrosome misorientation in GSCs that remain to be determined. In either case, these results demonstrate that misoriented GSCs originate, at least in part, from the dedifferentiation of spermatogonia.
Importantly, the mitotic spindles of dedifferentiated GSCs were oriented similarly to constitutive (LacZ 2 ) GSCs ( Fig. 5f ; 97% oriented (n 5 202) for LacZ 2 GSCs and 95% oriented (n 5 20) for LacZ 1 GSCs). This demonstrates that, whereas centrosome orientation is defective in dedifferentiated GSCs, those that resume division exhibit normal mitotic spindle orientation. These data indicate that the dedifferentiated GSCs that enter mitosis do so only when their centrosomes are oriented. Considering that we rarely observed misoriented spindles, even in very early prophase (Fig. 3a) , it is unlikely that the misoriented spindle (not the centrosome) undergoes reorientation after entering mitosis, as observed in Drosophila embryonic neuroblast 22 . This also demonstrates that dedifferentiated GSCs can function as stem cells by dividing and producing progeny, which was also demonstrated by the presence of LacZ 1 differentiating progenies produced by LacZ 1 GSCs (Fig. 5c ; arrow, gonialblast; yellow solid line, 4-cell spermatogonia). LacZLacZ + 
Discussion
Here we demonstrate that GSCs with misoriented centrosomes accumulate as flies age. Because such misoriented GSCs divide less frequently as compared with oriented GSCs, accumulation of misoriented GSCs contributes to the decline in spermatogenesis that occurs with age. Although misoriented GSCs rarely divide, they are not permanently arrested (or senescent) and are correctly oriented when they divide. Whether correction of GSC orientation is an active process that is part of the acquisition of stem cell identity remains to be determined. The low cell cycle activity of misoriented GSCs may also suggest that mechanisms are in place to detect misorientation and induce cell cycle arrest in response to this change, although the underlying mechanisms remain to be identified.
We have also demonstrated that misoriented GSCs originate, at least in part, from dedifferentiation of spermatogonia. Although dedifferentiated GSCs have a high frequency (.40%) of centrosome misorientation they can function as stem cells by resuming the cell cycle, with correctly oriented mitotic spindles just like constitutive GSCs. GSC numbers do not decrease as quickly as expected from the calculated GSC half-life, suggesting that a mechanism to compensate for the loss of GSCs exists 23 . Because we rarely observed misoriented spindles, or symmetric stem cell division, we speculate that dedifferentiation is the major mechanism to replace stem cells over time in the Drosophila male germ line.
A decline in GSC number in older males (day 50) was reported recently 18 . This decrease in stem cell number is probably due to failure of the niche function (via decreased signal from the niche as well as decreased E-cadherin-based attachment between the niche and GSCs) 18 . However, the decrease in the production of spermatogonia and testis involution precede the loss of GSCs such that decreasing GSC numbers cannot explain the testis involution that is observed at younger ages.
The present results provide a novel mechanistic link between the control of stem cell polarity and the age-related decline in tissue regenerative capacity. Mechanisms responsible for monitoring stem cell orientation with respect to the niche not only prevent overproliferation of stem cells by ensuring the asymmetric outcome of the stem cell division, but they contribute to the decline in tissue regenerative capacity during ageing. Many of the misoriented GSCs originate from the dedifferentiation of spermatogonia, a mechanism thought to be responsible for maintaining the stem cell population over extended periods of time. Therefore, although GSCs produce fewer progeny over time, the system appears to maximize the number of progeny produced throughout life, while maintaining asymmetric stem cell division.
We propose that the GSCs with misoriented centrosomes divide less frequently and that a combination of such a decreased stem cell division and a higher frequency of the GSC misorientation in aged testes leads to a decline in spermatogenesis with age.
METHODS SUMMARY
Immunofluorescent staining. Immunofluorescent staining was performed as described elsewhere 14 . For c-tubulin and LacZ dual staining, testes were fixed in 90% ethanol 3.8% formaldehyde solution (chilled to 220 uC). Fixed testes were then permeabilized by washing in 13 PBS with 0.1% Triton X-100 (30 min) before immunofluorescent staining. The following primary antibodies were used in combination with appropriate Alexa-Fluor-conjugated secondary antibodies Images were taken using a Leica SP5 confocal microscope and processed using Adobe Photoshop CS 8.0. Time-lapse live imaging of GSCs inside testes. Newly eclosed Sas6-mCherry flies 16 were dissected inside Drosophila culture medium containing Schneider's Drosophila medium and 10% fetal bovine serum. The testis tips were placed inside a sterile glass-bottom chamber, and was mounted on a three-axis computer-controlled piezoelectric stage and imaged using an inverted microscope equipped with an electron multiplier cooled CCD camera. Four-dimensional image sequences (x, y, z and time) were acquired every 90 s. A semi-automatic tracking software was used to track locations of centrosomes and hubs, and the tracking algorithm was based on the pattern matching routine inside National Instrument IMAQ Vision software. The Supplementary Movie was generated using Sony Vegas software.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
No irradiation 1,000 rad 2,000 rad 3,000 rad Frequency of LacZ + GSCs (% total GSCs) Figure 6 | Evidence that LacZ 1 GSCs are generated by dedifferentiation a, Summary of LacZ 1 GSC frequencies with or without X-ray irradiation. Flies were irradiated at day 0 of age, and analysed at day 5. The actual and expected frequencies of singlet, doublet, triplet and quadruplet (or more) are shown. n indicates the number of GSCs scored. The expected frequencies were calculated as described in Methods. b, An example of testis apical tip (irradiated with 2,000 rad) containing a triplet (arrowheads: three LacZ 1 GSCs are locating next each other). Red, LacZ; green, Vasa; blue, DAPI. Scale bar, 10 mm. The hub is indicated by an asterisk. c, d, Examples of LacZ 1 (c) and LacZ 2 (d) dedifferentiating spermatogonia (surrounded by dotted lines), with multiple ring canals (arrowheads) and disintegrating fusomes (arrows), observed 24 h after irradiation. Red, LacZ and adducin; green, anillin (ring canal and nucleus); blue, Vasa. Scale bar, 10 mm.
